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■ 1. Introduction 

1-5 ■ The current report covers the period from the second half of 2003 to the first half 

of 2011, bringing the Working Group's efforts up to date, and is divided into three 
main sections covering rotational, vibrational, and electronic spectroscopy. Rather than 
being exhaustive, space limitations only allow us to highlight a representative sample of 
work on molecular spectra. Related research on collisions, reactions on grain surfaces, 



and astrochemistry appear in the report by another Working Group. These also recount 
recent conferences and workshops on molecular astrophysics. 



Q-f 

O | 2. Rotational Spectra 

A large number of reviews have appeared dealing with rotational spectra of molecules 
C$ ■ potentially relevant to radio-astronomical observations. Therefore, emphasis is placed on 
investigations dealing with molecular species already observed in space. Related molecules 
l are included to a large extent also. The following groups have been created - hydride 
1 species, anions, molecules which may occur in circumstellar envelopes of late type stars, 
complex molecules, weed species, and other molecules - and are discussed in turn. 

OO ■ . . r 

Several databases provide rotational spectra of molecular species of astrophysical and 

astrochemical relevance. The two most important sources for predictions generated from 
experimental data by employing appropriate Hamiltonian models are the Cologne Database 
for Molecular Spectroscopy, CDMS (http:/ /www.astro.uni-koeln.de/| 
cdms/) with its cata log (http: / /www. as tro.uni-koeln.de/cdms / catalog) . An updated de- 
scription appeared in lMuller et al.l (|2005) and the JPL catalog (http:/ /spec.jpl.nasa.gov/). 
Both also provide primary information, i.e. laboratory data with uncertainties, mostly 
in special archive sections. Additional primary data are available in the Toyama Mi- 
crowave Atlas ( [http://www.sci.u-toyama.ac.jp/phys/4ken/atlas/ ). A useful resource on 
the detection of certain molecular transitions in space is the NIST Recommended Rest 
Frequencies for Observed Interst e llar M olecular Microwave Transitions, which has been 
updated and described bv lLovad t004 ). 



The European FP7 project Virtual Atomic and Molecular Data Centre, VAMDC, 



(http://www.vamdc.org/) aims at combining several spectroscopic, collisional, and ki- 



netic databases. The CDMS is the rotational spectroscopy database taki ng part; several 



infrared databases are also involved. The project has been described bv lDubernet et al 



( 20101) . Other tertiary sources combining data from various databases are, e.g., Cassis 
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( |http://cassis. cesr.fr/ ), which provides tools to analyze astronomical spectra, or splata- 
logue (http://www.splatalogue.net/). 



2.1. Hydrides 

Hydrides here are all molecules consisting of one non-metal atom and one or more H 
atoms. They may be neutral or positively charged. Metal hydrides will be dealt with in 
subsection [231 Rotational spectra of some anionic hydride molecules have been obtained 
also, but such molecules have not yet been detected in space, see also subsection 12.21 
Hydrides are usually difficult to observe from the ground as their fundamental transitions 
occur in the upper millimeter region for heavier species to the terahertz region for lighter 
ones. Some hydrides have recently been detected from the ground, such as 13 CH + with 
the CSO, or SH+ and 0H+ with the APEX telescope. The launch of the Herschel 
satellite in May 2009 has created a wealth of opportunities to investigate hydrides, in 
particular with the high resolution instrument HIFI. H20 + , H2CI" 1 ", ND, and possibly 
HC1 + have been deteceted, and the fundamental transitions of CH + and of HF have been 
observed for the first time. 



The very light hydrides H2D 4 " and HDj~ hav e attracted considerable attention (jAmano fc Hirao 
20051 Asvanv et al. 20081 Yonezu et al.l 20091 ). Particularly noteworthy is the measure- 
ment of the lo,i — Oq.q transition of H2D 4 " more than 60 MHz away from the previously 
accepted value bv lAsvanv et al. ( 20081 ). A similarly large deviation occurred between 
the in itial transition frequency of the J =1 — transition of CH + ( Pearson fc Drouir] 
2006) and the one m easured bv lAmanol (|2010a ) , who also recorded the same transition 
for 13 CH+ and CD+. iMiillerl (|2010l ) used the latter transition frequencies together with 
data from electronic spectra to derive extensive predictions fo r rotational and ro vibra- 
tional transitions of s everal C H + isotopologues. Isotopic C H (lHalfen et al" 20081) . CH 



Brunken et al. 2005), CHD (|Ozeki et all 120111) . CH 2 D+ (lAmanol l2010bl ). and CH 3 D 



Drouin et al. 20091 ) have been other carbon containing hydrides studied 



No accurate rotational transition frequencies are available for CH+ or NH+ 
fundamental transitions are beyond the region which can be studied with HIFI. 



Their 



Th e nitrogen hydr ides NH (|Flores-Miiangos et all [20041). NH+ (iHubers et al.l l2009h 



NH 3 dYu et aLll2010l). as well as the isotopologues NHD 2 (|Endres et al.ll2006l ). 15 NH 9 D 
and 15 NHD? (|Elkeurti et alll2008l) have been investigate d recently. Transition freq uencies 
have been determi ned for the oxygen hydrides 17 OH (IPolehampton et alll2003l) . OH+ 



(Mulleretal 
20091) . D^O 



H 2 DO+ ( Miiller et al 



( Brunken et al. 

2010F 



2007al; ICazzoli et al.l l2010al) . H 3 0+ (|Yu et al.l 12009). and 



20051). H9O and H 2 18 Q JGolubiatnikov et alll2006l) . H 9 17 Q dPuzzarini et al 



Halogen containing molecules have attracted in creased attention in r ecent y ears. Among 
the h ydride s pecies investigated rec ently are DF ( Cazzoli et al. 2006al) , HF + (jAllen et al 
20041) . H 2 F+ dFuiimori et alll201ll) . and H 2 C1+ (Uraki et al Il200ll) . 



Other investigations of heavier hydrides include Lamb- dip measurements of low-lying 
rotational states of PH3 (ICazzoli &: Puzzarinill2006l) and a combined analysis of spectro- 
scopic data of SH+ (jBrown fc Mulleill2009l) 



2.2. Anions 

There had been speculation about the possibility of molecular anions in space for quite a 
while. However, accurate transition frequencies were only known for OH~ and SH~; for 
a few other species approximate values were known from infrared spectroscopy. However, 
all these species were deemed to be too fragile with respect to photolysis. Moreover, all 
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these species were hydride species with fundamental transitions not easily accessible from 
the ground. 

Interestingly, a molecular line survey of the circumstellar envelope of the carbon-rich 
star CW Leo, also k nown as IRC +10216, b etween 28 and 50 GHz revealed several series 
of unidentifie d lines dKawaguchi et aT, l ll995l) . One of these turned out to be caused by the 
anion CgH~ ([McCarthy et alj|2006l) . This finding sparked a flurry of investigations into 
laboratory rotat ional spectra of related molecular anions and the sea rch for these specie s 



in space. C 2 H- ([Brunken et al.ll2007bh . as well as C4H and CsH ([Gupta et al.ll2007l ) 



were characteriz ed and, except for the smallest me mber, found in space. T he isoelectronic 



molecules CN" ([Gottlieb et all 120071) and C 3 N" ([Thaddeus et al.l 120081 ) were found in 
the lab as well as in the circumstellar envelope of CW Leo. The identification of C5N - 
also in that source seemed to be certain enough even in the absence of laboratory spectral 
data. F urthermore, s ubmillimeter transitio ns have been re corded for CN~, C2H~, and 
C 4 H- ([Amanoll2008l) as well as for C3N (|Amanoll2010cf). In addition, t he laboratory 
rotational spectrum of NCO~ was recently reported ( Lattanzi et al. 2010t ). 



2.3. Circumstellar molecules 



The chemistry of circumstellar envelopes of late-type stars is special as a number of 
molecules have only been detected or are particularly abundant in such sources. Probably 
the most fascinating object in this regard is CW Leo. Whereas many astronomers have 
thought this source has a rather special chemistry, it turned out that it is a rather 
common source. The reason why molecules are particularly easily detected in this source 
is its proximity. For instance, several metal containing molecules have been detected first 
in the envelope of CW Leo, but in recent years MgNC, NaCN, and NaCl have been 
detected also in the envelopes of other AGB stars, the latter even in those of O-rich AGB 
stars such as IK Tau and VY CMa. Interestingly, recently the metal-containing molecules 
AlO and AlOH as well as PO have been detected first in the envelope of VY CMa. In 
addition, KCN and FeCN were detected toward CW Leo. 

For a number of metal- co ntaining molecules rot ational spectra have been s tudied. 
Hydride species include A1H dHalfen fc Ziurvsl 12004), C rH (|Harrison et al.ll2006l) . MnH 



(jHalfen fc Ziurvsl 120081 ) . and FeH (Brown et al 



specie s studied are VN and VO dFlorv fc Ziurvsll2008l) CoO ([McLamarrah et al.ll2005j ) 



2006). Am ong the nitride and oxid e 



ZnO (IZack et al.l [20091. and even Ti02 feania et al.l 120111) . Sev eral halogenides hay e 



been i nvestigated, such a s NaCl and KC1 (ICaris et al.ll20 oi ^ TiF dSheridan et al .1 120031) 



TiCl dMaedaet all 1200 ll) VC1 (lHalfen et all l2009bT Co F fearrison et alJl2007l) . CoCl 



([Florv et al.ll2004 ). ZnF ([Florv et all 120061 ) . and ZnCl (iTenenbaum et all 120071). Also 



recor ded were rotational spectra of CoCN and NiCN ([Sheridan et al .ll2004ISheridan" fc Ziurvsl 
20031) . 



The study of the rotational spectrum of C2P ( Halfen et al. 2009a[ ) laid the ground 
work for its detection in the circumstellar envelope of CW Leo. This detection, in turn, 
suggests that molecules such as C2F, C2CI, C3F, and C3CI may be detectable as well. 
Rotational spectra have been detected for all of these species except for the first one 
([Sumivoshi et al.ll2003l; lYoshikawa et al.ll2009bllat ). 



Other molecules investigated, including predomin antly or potentially circumstellar 
ones, are C2H and CrH in excited vibrat ional states ([Killian et al.ll2007l ; iGottlieb et al 
20101) and CH 3 CP ([Bizzocchi et al.ll2003l ). 
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2.4. Complex molecules 

Some of the smaller complex molecules with many emission or absorption lines observable 
by radio-astronomical means are presented in subsection 12.51 

Among the larger saturated or almost saturated molecules, propenal, propanal, and 
acetamide have been detected with the GBT in the microwave region. Interestingly, 
propylene has been detected with the IRAM 30 m telescope toward TMC-1. Three com- 
plex molecules have been detected with the same instrument in the course of a molecular 
line survey of Sagittarius B2(N) at 3 mm. These are aminoacetonitrile, n-propyl cyanide, 
and ethyl formate. The detection articles also feature critical evaluation s of the spectro- 
scopic parameters of the former two molecules ( Belloche et al.ll2008l 2009 ) . The rotational 
spectrum of ethyl formate ha s also been revisited ( Medvedev et al.l l2009n . Other studies 



2011), two conformers of ethylene glycol ([Christen fe Mullen 120031 : iMii ller & Christen 



2009: 



inclu de cycl o-propyl cyanide ( Bizzocchi et aL 2008) and iso-propyl cyanide (IMiiller et al 



2004) microwave spectra of several con formers of 1,2- and 1,3-propanediol (jLovas et al 



Plusquellic et al.ll2009h . propa ne (iDrouin et al.ll2006l). millimeter wav e spectra of 



the amino acids glyc ine and alanine (lllvushin et all 2005: Trlirata et al.ll200"8h. acetamide 



(lllvushin et al. 20041). methylamine (lllvushin fc Lovasll2007t), acetic acid |llvushin et al 



20081). n-propanol (|Kisiel et al.l [20~10h. and diethyl ether ((Walters et alil2009t ). Other 
investigations may turn out to also be relevant once telescope arrays such as EVLA, 
NOEMA, or ALMA conduct large scale line surveys or dedicated seaches for particular 
molecules. 



2.5. Weed species 

The term "weed species" has been coined for molecules that have very many emission 
or absorption lines in various sources, but considered mostly for star-forming regions. It 
should be emphasized that the plethora of lines is not only a nuisance, but there is also 
considerable information about, for example, temperature or density in these lines. The 
molecule with particularly many rather st rong lines is me thanol. It has been extensively 



20081 ): even higher states have been 



studied up to the secon d torsional state (|Xu et al 

studied to some extent ( Pearson et al. 2009t ). but~these are difficult to model at present. 
CH3OH has also been proposed as a particularly well suited molecule t o investigate 



the possibility of temporal o r spatial variations of fundamental constants (|Jansen et al 



2011t iLevshakov et al.ll2011l ). One requirement is the knowledge of very highly accurate 



tr ansition frequencies. Some of these have been summarized as well as newly reported ones 



by Miiller et al. (2004). Other methanol isotopologue s studied re cently include CH 2DOH 



CH 3 18 OH dFisher et al.ll2007l) 



dMukhopadhvav et al.l 120021: jLauvergnat et al.l [20091 ). CH 3 OD (|Duan et al.l 120031 ) . and 



Other weed molecules, for whic h several isoto pic species have been investigated, are 
methyl cvanide (IMiiller et al.ll2009l ). et hyl cyanide ([Brauer et al.ll2009t Ipemvk et al.ll2007l: 

formate (Ilyushin et al 



Mareules et al.ll2009bl). v inyl cv anide dKisiel et a,l.ll2009l). met hyl 

2009[ ICarvaial et al-lbool |2010|; iMargules et al.ll2009al 20101) formamide (|Krvvda et al 
2009), and acetone (Groner et al.ll2008l : lLovas fc Gronerll2006l). Moreover, dimethyl ether 
(|Endres et al. 20091). its isomer ethanol ( Pearson et al.l l2008h . and the only inorganic 



weed species SO-, (jMiiller fc Briinkenll2005l) " have been studied 



One should keep in mind that weed species are not only seen in the ground vibrational 
state, but often in several excited states, and this is true for minor isotopic species as 
well. While deriving an appropriate Hamiltonian model is usually the most compact 
form to represent the rotational spectrum of a molecule in a given vibrational state, this 
task can be formidable and worse in cases of strong vibration-rotation interaction that 
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may take much more than months to be tackled. As an alternative, the De Lucia group 
proposed recording spectra at different temperatures. While this procedure yields huge 
amounts of data, and extrapolation in frequency or to higher temperatures is impossible 
and extrapolation to lower temperatures only to some extent, it seems to be still a 
pragmat ic approach for some molecules. Several report s have been publishe d on ethyl 
cyanide ( Fortman et al. 2010l) and one on vinyl cyanide ( Fortman et al. 2011 ). 



2.6. Other molecules 

Other molecules, for which rotatio nal spectra have bee n (re-) i nvestigated, include c ations 



such as HCNH+ and CH 3 CNH+ (lAmano et al.ll2006l). CS+ jBailleux et al Il2008h. CF+ 



dCazzoli et al.l2010bl). 15 N isotopolog ues of N 2 H+ (|Dore et al j2009lh HCS+ (jMargules et al 



J Uaz zoli et alJ2Ulupl). IN isotopolog 
20031. and HCO+ (|Tinti et al.ll2007l) 



Other short-lived molecules i nclude PNC (Brimk en et al.ll2006l). C.^H and 13 C isotopo- 
logues of C„H with n = 3.5-7 dCaris et al.ll2009HMcCarthv fe Thaddeusll2005l). HOCN 



O " * ~ 1 p ^^-fT—" ■ — ^— = 

HONC, and HSCN (Brimk en et al.ll2009at iMladenovic et al 



as well as SiN and PN (jBizzocchi et~ EoOfiUCazzoli et al.l l 



2009: iBrunken et alJl2009bt > 



2006bJ). 



In addition, several stable or fairly stable molecu les have been studied, including iso- 
topologues of CO in their ground vibratio nal states dPuzzarini et al" 20031) and the main 
isotopologue in excited vibrational states ( Gendriesch et all 20091), vari ous isotopologues 
in the ground and excited states of CS a nd SiS dMiiller et alJl2005L l2007h. isotopologues of 
HCN in their ground vibrational stat es dCazzoli fe Puzzarinill2005l ) and the main isotopo - 



logue in excited vibratio nal states (Zelinger et al.l 2003), H 2 CO ( Brunken et al. 2003 ) 



the isoele ctronic H 9 CNH (IDore et alJl2010D . H 2 CS (IMaeda et al.ll2008D. isotopologues o f 
HCOOH (jLattanzi et al.ll2008l) andCTTCoH and CTTdH (jCazzoli fc Puzzarinill2008l ). 



3. Vibrational Spectra 

Here we describe vibration-rotation spectra of gaseous molecules of astronomical or 
potential astronomical interest. It is based in part on a review article entitled "Molec- 
ular astronomy of cool sta rs and sub-ste llar objects" aimed at physical chemists and 
laboratory spectroscopists (|Bernathll2009h . 

In addition to the references to particular molecules given below there are a number of 
spectral database compilations that are useful. Perhaps the most helpful is the HITRAN 
database that contains vibration-rotation line parameters for a l arge number of specie s 
such as H2O, CO2, CO, etc. found in the Earth's atmosphere ( Rothman et al. 20091 ). 



HITRAN is widely used for astronomical applications although it is not always suitable 
because of missing lines and bands, particularly in the near infrared region. For example, 
"cool" astronomical objects such as brown dwarfs can have surface temperatures in excess 
of 1000 K, and HITRA N is designed for temp eratures near 300 K. In this regard, there 
is a HITEMP database (|Rothman et alJl2010h for H 2 0, C0 2 , CO, NO, and OH that is 
more suitable for high temperature sources such as stellar atmospheres. 

For larger molecules, individual vibration-rotation lines are no longer clearly resolved 
and it becomes necessary to replace line-by-line calculations by absorption cross sec- 
tions. The main drawback to using cross sections is that a considerable number of lab- 
oratory measurements are needed to match the temperature and pressure conditions of 
the objects under observation. HITRAN also includes a number of high resolution in- 
frared absorption cross sections for organic molecules such as ethane and acetone, but 
the broadening gas in HITRAN is air rather than H 2 , N 2 , or C0 2 . While the GEISA 
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database has significant overlap with HI TRAN, it contains additional molecules of inter- 
est for studies of planetary atmospheres ([Jacquinet-Husson et al.ll2011l ) . A very useful set 
of infrared absorption cross sections for several hundred molecules have been measured 
at the Paci fic Northwest Natio nal Laboratory (PNNL) for the 600-6500 cm^ 1 (1.54-16.7 
jtim) range (jSharpe et alj|2004h . The PNNL IR database, however, may not be completely 
suitable for astronomical applications, for example for planetary atmospheres. All PNNL 
spectra are recorded at relatively low resolution (0.112 cm -1 ) as mixtures with pure ni- 
trogen gas at pressures of 760 Torr and temperatures of 278, 293, or 323 K. Nevertheless, 
in the absence of spectra recorded under more appropriate experimental conditions, they 
can be very useful. 

Other interesti ng general sources for infrared data are variou s high resoluti on spectral 
atlases of th e Sun ([Livingston fc Wallacell2003l : lHase et al.l20fbT ) and sunspots ([Wallace et al 
200 ll 120021 ) bec ause they include m olecular (and atomic) line assignments. The web site 



spectrafactory (jCami et al.ll2010al) is also useful for calculating infrared spectra of astro- 
nomical interest, although not all of the input line parameters are the most recent or 
recommended ones. 



3.1. Diatomic Molecules 

Diatomic molecules, particularly diatomic hydrides of the more abundant elements, are 
often observed through their infrared spectra. Molecular hydrogen itself is difficult to ob- 
serve in the infrared because all transitions are electric-dipole forbidden; however, HD has 
a small dipole moment and very recently the 2-0 band was measured near 1.4 fim by cav- 
ity ring down spectroscopy (IKassi fc Camparguej|201ll) . In the case of OH, NH, and CH, 
the new infrared solar atlas (jHase et al.ll2010h measured by the Atmosph eric Chemistry 



Expe riment (ACE) infrared Fourier transform spectrometer from orbit ([Bernath et al 
2005) has led to an improvement in the spectroscopy. The infrared Fraunhofer lines 
were combined with laboratory measurements to extend th e measured line positio ns to 
higher vibrational and rotational quantum numbers for O H ( Bernath fc Colin 20091) . NH 
(|Ram fc Bernathll2010l) . and CH (jColin fc Bernathll2010l) . 



Laboratory vibration-rotation spectra for a considerabl e number of metal hydri des are 



known with recent mea surements o f, for example, BeH (|Shavesteh et a l. 2003a), MgH 



(IShavesteh et al.ll2004al). and CaH (IShavesteh et alj|2004bl): even the metal dihydrides 
BeH 2 (jShavesteh et al.ll2003a) and MgH 2 (|Shavesteh et al.ll2003c ) have been detected in 



the laboratory. Although metal hydrides such as MgH and CaH are detected in stellar 
atmospheres by their electronic transitions, there have been no infrared astronomical 
observations. Other diatomics such as CO, SO, SiO, HF, HC1, SH, CS, and S iS are 
commonly seen by infrared observations of cool stellar atmospheres ()Bern ath 2009(); their 
spectroscopy however has not been improv ed much in recent years. An exception to t his 
is some work on the line intensities of SiS ( Cami et al. 20091 ) and HC1 ( Li et al. 2011 ). 



3.2. Small Polyatomics 

The spectra of "cold" water, ammonia, and methane as given in the HITRAN database 
are generally satisfactory for astronomical purposes, except for overtone and combination 
bands of NH3 and CH4 in the near infrared and visible regions. For spectra of hot 
samples as in brown dwarfs and exoplanets, the situation is much le ss sanguine, except 



in the case of water fo r which there has be en extensive experimental (jZobov et al. 2008) 
and theoretical work ( Barber et al. 2006). Much work is continuing on highly-excited 



water le vels near dissociatio n and on computing line intensities ab initio, but the BT2 
line list ( Barber et al. 20061) is generally suitable for computing water opacities. For hot 
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ammonia there has bee n rapid recent progress with new laboratory spectra recorded 
( Hargreaves et al.l 2011) and with at least two grou ps providing rather good calculated 
spectra (jHuang et al.ll 201 ll : lYurchenko et a.1.1 [201 lh . Ammonia is seen in brown dwarfs 
and is thought to be the key molecule in defining a new class of ultracool Y-type dwarfs 
( Cushing et al.l 120111 ). Methane is th e laggard because of the difficulty of the problem, 
and the existing experimental data ( Nassar fc Bernath 20031 ) and calculations are not 
very satisfactory for simulating brown dwarf and exoplanet spectra. For CO2, HITRAN 
for cold molecules and HITEMP or CDSD-4000 databases (jTashkun fc Perevalovllioill ) 
for hot molecules are recommended. 

3.3. Large Molecules 

The discovery of C en and C70 in the young planetary nebula Tel was reported by 



Cami et al.1 (l2010bl) using the Spitzer Space Telescope. The discovery was rapidly con- 
firmed with detections in other planetary nebulae; some of these sources also have spec- 
tral features generally attributed to polycyclic aromatic hydrocarbons (PAHs). Infrared 
emission spe c tra of gaseous Ceo and C70 were recorded as a function of temperature by 
Nemes et al. I (Il994l) and more recently the integrated molar absorpti vity of the infrared 
band s of the solid has been measured as a function of temperature ( Iglesias-Groth et al.l 
20111 ). There have also been extensive laboratory measurements and quantum chemical 
calculations of PAH spect ra, some of which is summarized in the NASA Ames database 
(jBauschlicher et al.l l201ol ). Traditionally infrared spectra of neutral and ionized PAHs 
have been re corded by matrix isolation spectrosc opy, but now gas-phase measurements 
are possible ( Ricks et al. 20091 Galue et al. 2011 ). Computational studies of PAHs and 
related species have also advanced, and the quality and quan tity of calculations available 
is remarkable (Hudgins et al.l 120051 : iBauschlicher et al.ll2oioj ). 



4. Electronic Spectra 

In this section we describe recent work on electronic spectra that includes line identifi- 
cation, energy levels, as well as data needed for photochemical models. The data come in 
a variety of forms, such as absorption cross sections (or equivalently oscillator strengths), 
predissociation widths, and analyses of line anomalies resulting from perturbations be- 
tween energy levels. Here we can only present a representative sampling of work on 
electronic spectra. The number of experiments on electron excitation/scattering is great, 
and we provide a few illustrative examples of research in this area. This section is divided 
into three topics: interstellar matter, which includes diffuse molecular clouds and disks 
around newly formed stars as well as comets whose chemistry is similar, metal hydrides 
and oxides in the spectra of late-type stars, and the atmospheres of planets and their 
satellites. Recent attempts to identify the diffuse interstellar bands is not included, but 
instead we refer the reader to a review on laboratory astrophysics ( Savin et a.1.1 l201lh 



that includes a discussion of this topic. It is worthwhile noting, however, that the study 
of the diffuse interstellar bands has led to a renaissance in the gas phase spectroscopy 
of complex carbon molecules that begun in 2003. A typical example is the case of PAH 
molecules. Traditionally UV- Visible spectra of neutral and ionized PAHs could only be 
recorded by m atrix isolation spec t roscop y, but now gas-phase measurements are possible 



(see reviews in I Joblin fc Tielens I (|201lf )) 



4.1. Interstellar matter 

There is continued interest in spectroscopic studies of CO and much of the recent efforts 
are needed for improved photochemical modeling. A comprehensive analysis of Ryd- 
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berg states has been pu blished (lEidelsberg et al"1l2004a ). as has a compilation of triplet 
and singlet transitions ( Eidelsberg fe Rostasl 20031 ) that included oscillator strengths. 
Impro ved wavelengths have appeared for the A — X sy stem of bands in C 17 and 

" Idu Plessis et al.ll2006U 2007l). for the E - X (0,0) band 



C i8 (Steinmann et al. 2003 



in CO, 13 CO, and 13 C 18 Q (|Cacciani fc Ubachd 12004 ) and for triplet-singlet bands in- 
volving the e, d, and a stat es in several isotopologues ( du Plessis et al. 2007tlYang et al 



20081: iDickenson et al.l2010f). Several quantum mechanical calculations of potential energ; 



try 

curves (jChakrabarti fc Tennyson 2006; I Vazquez et al. 2009; Lcfcbvrc-Bri on et al.l l2010) 
have appeared. Empirical determinations of oscillator strengths for Rydberg transitions 
have been published, including on e based on interste llar spectra acquired with the Far 
Ultraviolet Spectroscopic Explorer (Shcffcr et al.l 120031 ). two using synchrotron radiation 



( Eidelsberg et al.ll2004b[ lEidelsberg et al. II2006I). a nd one employing electron scattering 



techniques (|Kawahara et al]|2008l) . iGiliiamsc et al. (20071 ) have obtained the lifetime for 



the a 3 II v = level. In their study, lEidelsberg et al. I (|2006l ) have also reported pre- 



dissociation rates for B and W states; the large rates found for the B 1 S + v = 6 level 
result from interactions with the D' state. A number of other experi mental and theoret- 
ical efforts describing t he B — D' interaction have been pu blished (|Andric et al. 2004 ; 



Grozdanov et a l. 2004; Baker 2005a; Bitcnco urt et al.l 120071). The trip let k and c states 



have been the focus of studies (fBakerll2005b : Baker fe Launav 2005al| b1|cT) on perturba- 
tions caused with other states, while Ben et al*T ( 2007t ) have de scribed their experiment 
on pe rturbations between the a and d levels. Finally, a review ( Lefebvre-Brion fe Lewis] 



20071) discussing perturbations in the isoelectronic molecules, CO and N2, has also ap- 



peared. More spectroscopic work on N2 is provided below. 

New s pectrosc o pic st udies on CH, CH + , NH have ap peared since 2003. Extendin g the 
study of IWatsonl pOOll) on Rydberg transitions in CH, ISheffer fc Federmanl (|2007l ) have 



inferred oscillator strengths and predissociation rates for the 3d — X, 4d - X, F — X, 
and D — X bands seen in interstellar spectra acquired with the Hubble Space Telescope. 
Theo retical efforts on CH include structure calculation s of the 3d comple x ( Vazquez et al.l 
120071 ) and oscillator strengths for Rydberg transitions ( Lavm et al.ll2009l ): the latter study 
also determined photoionization cr oss sections. A new analy sis of the A 1 n — X 1 E + 
system in CH + has been completed ( Hakalla et al.lf2006h . and lWeselak et aL ( 20091 ) have 
obtained oscillator strengths for the (1,0), (2,0), (3,0), and (4,0) bands of this system 
from ground-based interstellar spe ctra. CH + photodissociation cross sections have bee n 
a focus of recent theoretical work ([Barinovs fc van Hemertll2003 iBouakline et al.ll2005l ). 
Revised term va l ues h ave been determined for the X 3 £~ and A 3 H states of NH by 
Ram fc Bernath ( 2010l ). who analyzed spectra from the ACE and ATMOS instruments. 



Other molecules of interest to interstellar and cometary studies, such as C2, CN, and 
C3, have been studied recently. Theoretical efforts have computed oscillator strengths 
and radiative lifeti mes for singlet (Phi l lips) and triplet (Swan, Ballik-Ramsay, and d — 
c) systems in C 2 (|Kokkin et al.l 120071 : ISchmidt fc Bacskavll2007l ): of particular note is 
that a self-consistent set of oscillator strengths for the Phillips (A — X) system of bands 
is emerging. Experim ental studies involving triplet states have been performed with a 
variety of techniques (jjpester et aL 2007 ; Tanabashi et al. 20071 iNakaiima et al. 2009; 
Bornhauser et al. [|2010l l201ll) . many times focusing on the presence of perturbations. 



Toffoli fc Lucchesd (|2004l ) have calculated near threshold photoionization cross sections 



for C 2 



(Ram et al 



Spectroscopic stu dies of the violet and red band systems for isotopologues of CN 
20061 l2010bl lc ) have improved the precision of the molecu lar constants for 



this molecule. This work will also be of interest to stellar astronomy. IShi et al. (|2010l ) 



have obtained spectroscopic parameters in the isotopologues of CN through ab initio 
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calculations. Moreover, experimen t al work on bands in the A 1 H U — X ^Sj" system of C3 
has appear ed (|McCall et al.ll2003t iTanabashi et al. II2005L IZhang et all 120051: Ichen et al 



201(1 1201 lh . Perturbations have been seen in many of these bands. Izhang et al.l (|2005f ) 
have measured lifetimes as well 



Spectroscopic studies on H 2 and HC1 have also been conducted. iFillion et al.l (|2004l ) 
used synchrotron radiation to examine the intense Rydberg rid series in H 2 for ener- 
gies up to 12 eV. Another study with synchrotron radiation found several new vibra- 



tiona l progressions around 10 eV and also reported abolute cross sections (jMota et al 
20051) . Additional exp erimental efforts ob tained absolute absorption cross sections with 



a synchrot ron source dCh eng et all 120041) and os cillator strengths via electron impact- 
excitation (IThorn et al.ll20 07 j) : [ Cheng et al.l (|2004j ) compared their results with additiona l 
theoretical computations. Borgesl ( 2006bl ) extended his earlier calculations ( Borge s 2006a) 
in a study of oscillator stren gths for the A 1 B\ ~ X 1 A\ transition in H2O. Another elec- 
tron scattering experiment ( Li et al. 20061) derived oscillator strengths for valence-shell 
excitations in HC1. 



4.2. Late-type stars 

The transition from metal oxides to metal hydrides is a signature of the latest stel- 
lar spectral types. During the reporting period papers on line lists, line strengths, and 
opacties have appeared. For metal hydrides, these studies include high-resolution spectra 
acquired with a Fourier transform s pectrometer of bands in the A 2 II — X 2 £ + and B 
2 £+ systems of 24 MgH Ishavesteh et al.ll2007l) and of the E 2 U - X 2 5^ 



X 



transition in CaH and CaD (Ram et al 



yesten et 
J l2011bl) . 



The work on MgH provided the data 
on the highest lying vibrational level in the ground electronic state. A depertu rbation 
analysis of the MgH spectr a was recently completed ( Shavesteh fe Bernathl 201 lh . Using 
laser-induced fluorescence, Chowdhurv et al. ( 20061 ) examined the (1,0) band of the A 
6 S + — X 6 S + transition in CrH. New th eoretical calculations have led to improved line 
lists and opacities for transitions in T iH (jBurrows et al.ll2005f) and the F 4 A^ — X 4 A^ 
transitions in FeH ( Dulick et al. 20031) . Magnetic properties of FeH invol ving the F and 



X states, including a study of the Zeeman effect, have been determined ([Harrison et al 
2008t lHarrison fc Brownll2008l ). 



4.3. Planetary atmospheres 

Nitrogen and sulfur dioxi de have received a considerable amount of attention recently. 
Spect roscopic work on N2 (jSprengers et al.ll2003l[2005bl : iLewis et al. 2008a; IVieitez et al. 
120081) has focused on extreme UV transi tions, where per t urbat ions and predissocia- 



tion play a significant role; the study by ISprengers et al, 
and 14 N 15 N isotopologues. A theoretical calculation (jLewis et al 



(2003) 



conside red the N2 
2008bl) has studied 



the perturbations involving these high-lying Rydberg states. Oscillator strengths and 



line widths have been obtained from a number of experimental ( Stark et al.l 2005, 
11 1 r •• ■ 1 r 



Heays et al 



2008 



20091; IHuber et alJl2009T) and theoretical (|Jungen et al.l 120031: lHaverd et al 



2005t Lavin fc Velascoll201ll) efforts. Lifetimes of Ryd berg states have been determined 



through a combination of experiments and calculations (ISprengers et al. 2004; ILewis et al. 
33; Sprengers et al. 2005a ; Sprengers fc Ubachsll2006l). As for SO2, the focus has 



2005; 



been on absorption cross sections at UV wavelen gths dRufus et al.l2003l 2009^ Danielache et al 
2008L iHermans et al. II2OO9I : iBlackie et alJl201lh . where iDanielache et al.l (|2008l ) studied 



isotolopogu es for sulfur. Furthermore, absorptio n cross sections for a mmonia and its iso- 
topologues (jCheng et al.l 120061: IWu et al.l 120071 ) and carbon dioxide (jStark et al.l l2007h 
have been determined experimentally. 
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